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Abstract
In the dynamical gauge–Higgs unification in the Randall–Sundrum warped spacetime, where the 4D Higgs field is unified with gauge fields
and the electroweak symmetry is dynamically broken by the Hosotani mechanism, the trilinear couplings for WWZ, WWH , and ZZH , where H
stands for the Higgs field, are evaluated. The latter two couplings are suppressed by a factor of cos θH where θH is the Yang–Mills Aharonov–Bohm
phase in the extra dimension, while the WWZ couplings remain the same as in the standard model to good accuracy.
© 2007 Elsevier B.V.
The Higgs field in the standard model of electroweak interactions plays a vital role in the electroweak symmetry breaking and
in giving masses to W , Z, quarks and leptons. The Higgs boson is expected to be discovered at LHC in the near future. We are
entering in the era when the structure of the electroweak symmetry breaking is disclosed.
It is not clear, however, if the Higgs sector in the standard model remains valid at the fundamental level. It has been argued that the
Higgs boson mass suffers from quadratically divergent radiative corrections unless protected by symmetry, which requires unnatural
fine tuning of parameters in the theory. The leading candidate for overcoming this theoretical unnaturalness is supersymmetry. The
minimal supersymmetric standard model (MSSM) predicts the mass of the Higgs boson, mH , to be less than 130 GeV [1]. The
experimental lower bound for mH is 114 GeV [2].
Many alternative scenarios for the Higgs sector in the electroweak interactions have been proposed, including the little Higgs
model [3], the Higgsless model [4,5], and the gauge–Higgs unification models [6–30]. Among them the dynamical gauge–Higgs
unification predicts various properties in the Higgs field couplings and gauge field couplings which differ from those in the standard
model and can be tested experimentally at LHC and future linear colliders.
In the gauge–Higgs unification scenario the Higgs field in four dimensions is unified with gauge fields within the framework
of higher-dimensional gauge theory. Low energy modes of extra-dimensional components of gauge potentials are 4D Higgs scalar
fields. Fairlie and Manton proposed gauge–Higgs unification in six dimensions with ad hoc symmetry ansatz [6,7]. Justification for
the ansatz was attempted by making use of quantum dynamics, but was afflicted with the cut-off dependence [8]. More attractive
scheme is obtained when the extra-dimensional space is non-simply connected [9,10]. There appear Yang–Mills Aharonov–Bohm
phases, θH, associated with the gauge field holonomy, or the phases of Wilson line integrals along noncontractible loops. Although
classical vacua are degenerate with respect to the values of θH, quantum dynamics of θH lifts the degeneracy and the non-Abelian
gauge symmetry is dynamically broken. It is called the Hosotani mechanism. Fluctuations of θH in four dimensions correspond to
the 4D Higgs field. With dynamical gauge symmetry breaking, the dynamical gauge–Higgs unification is achieved.
In recent years the dynamical gauge–Higgs unification has been applied to the electroweak interactions. Chiral fermions are
naturally accommodated in the scheme by considering an orbifold as extra-dimensional space [13,14]. To have an SU(2)L doublet
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the couplings associated with the Higgs field are tightly constrained by the gauge principle. In flat space mH typically turns out
to be ∼ (g2SU(2)/4π)1/2mW , which contradicts with the observation. It is nontrivial to obtain quark–lepton mass matrix naturally
[15–22]. For instance, one needs fermions in higher-dimensional representation of the group [20].
These problems can be resolved in the dynamical gauge–Higgs unification in the Randall–Sundrum warped spacetime [23–30].
mH is predicted in the range 120–290 GeV. The hierarchical mass spectrum of quarks and leptons is naturally explained in terms of
bulk kink masses, with which couplings of quarks and leptons to gauge bosons and their Kaluza–Klein excited states are determined.
It was pointed out that the universality in the weak gauge couplings is slightly broken, and Yukawa couplings of quarks and leptons
are substantially reduced compared with those in the standard model [27,28].
The previous model based on the gauge group SU(3) is unsatisfactory in many respects. It gives the incorrect Weinberg angle
θW and the neutral current sector is unrealistic. It is also difficult to have a realistic fermion mass matrix. It has been argued that
dynamics at the boundaries (fixed points) of the orbifold such as brane kinetic terms of gauge fields can reproduce the observed
θW [31].
More promissing approach is to adapt a gauge group SO(5) × U(1)B–L to start with, as advocated by Agashe, Contino and
Pomarol [24]. The custodial symmetry in the 4D Higgs field sector is contained in SO(5) and the correct θW is reproduced so
that phenomenology in the neutral currents can be reliably discussed. In this Letter we focus mainly on the gauge couplings
among the gauge bosons and the Higgs boson, to find substantial deviation from those in the standard model. We briefly describe
how interactions of fermion multiplets should be introduced to have realistic gauge couplings and mass matrix, but the detailed
discussions are reserved for future work.
We add that the dynamical gauge–Higgs unification is defined not only at the tree and one-loop levels, but also beyond one loop.
It has been argued recently that the Higgs boson mass mH , for instance, may be finite to all order in five dimensions, indicating that
the properties of the Higgs boson can be determined independent of physics at the cutoff scale [32–37].
The model we consider is SO(5)×U(1)B–L gauge theory in the Randall–Sundrum (RS) geometry in five dimensions [39]. We use
M,N, . . . = 0,1,2,3,4 for the 5D curved indices, A,B, . . . = 0,1,2,3,4 for the 5D flat indices in tetrads, and μ,ν, . . . = 0,1,2,3
for 4D indices. The background metric is given by
(1)ds2 = GMN dxM dxN = e−2σ(y)ημν dxμ dxν + dy2,
where ημν = diag(−1,1,1,1), σ(y) = σ(y + 2πR), and σ(y) ≡ k|y| for |y|  πR. The cosmological constant in the bulk 5D
spacetime is given by Λ = −k2. (xμ,−y) and (xμ, y +2πR) are identified with (xμ, y). The spacetime is equivalent to the interval
in the fifth dimension y with two boundaries at y = 0 and y = πR, which we refer to as the Planck brane and the TeV brane,
respectively.
There are the SO(5) gauge field AM and the U(1)B–L gauge field BM , the former of which is decomposed as
(2)AM =
10∑
I=1
AIMT
I =
3∑
aL=1
A
aL
MT
aL +
3∑
aR=1
A
aR
M T
aR +
4∑
aˆ=1
AaˆMT
aˆ,
where T aL,aR (aL, aR = 1,2,3) and T aˆ (aˆ = 1,2,3,4) are the generators of SO(4) ∼ SU(2)L × SU(2)R and SO(5)/SO(4), re-
spectively. As a matter field, we introduce a spinor field Ψ , belonging to the spinorial representation of SO(5) (i.e., 4 of SO(5)).
Extension to multi-spinor case is straightforward. We will argue later that multiple spinor fields are necessary to have phenomeno-
logically acceptable fermion content even in the one generation case.
The relevant part of the action is
S =
∫
d5x
√−G
[
− tr
(
1
2
F (A)MNF
(A)
MN +
1
ξ
(
f
(A)
gf
)2 +L(A)gh
)
(3)−
(
1
4
F (B)MNF
(B)
MN +
1
ξ
(
f
(B)
gf
)2 +L(B)gh
)
+ iΨ¯ Γ NDNΨ − iMΨ εΨ¯ Ψ
]
,
where G ≡ det(GMN), Γ N ≡ eNAΓ A. Γ A is a 5D γ -matrix. f (A,B)gf are the gauge-fixing functions, L(A,B)gh are the associated
ghost Lagrangians, and MΨ is a bulk mass parameter [40]. Since the operator Ψ¯ Ψ is Z2-odd, we need the periodic sign function
ε(y) = σ ′(y)/k satisfying ε(y) = ±1. The field strengths and the covariant derivatives are defined by
F
(A)
MN ≡ ∂MAN − ∂NAM − igA[AM,AN ],
F
(B)
MN ≡ ∂MBN − ∂NBM,
(4)DMΨ ≡
{
∂M − 14ωM
ABΓAB − igAAM − i gB2 qB–LBM
}
Ψ,
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1-form ωAB = ωMAB dxM determined from the metric (1) is ων4 = −σ ′e−σ dxν with all other components vanishing.
The boundary conditions consistent with the orbifold structure are written as [41](
Aμ
Ay
)
(x,−y) = P0
(
Aμ
−Ay
)
(x, y)P−10 ,(
Aμ
Ay
)
(x,πR − y) = Pπ
(
Aμ
−Ay
)
(x,πR + y)P−1π ,(
Bμ
By
)
(x,−y) =
(
Bμ
−By
)
(x, y),
(
Bμ
By
)
(x,πR − y) =
(
Bμ
−By
)
(x,πR + y),
(5)Ψ (x,−y) = η0P0γ5Ψ (x, y), Ψ (x,πR − y) = ηπPπγ5Ψ (x,πR + y),
where γ5 ≡ Γ 4 is the 4D chiral operator, ηj = ±1, Pj ∈ SO(5) and P 2j = 1. In the present Letter, we take P0 and Pπ given by
(6)P0 = Pπ =
(
12
−12
)
in the spinorial representation, or equivalently P0 = Pπ = diag(−1,−1,−1,−1,1) in the vectorial representation.1 The boundary
condition (5) breaks the gauge symmetry to SO(4) × U(1)B–L ∼ SU(2)L × SU(2)R × U(1)B–L at both boundaries. (The broken
generators are T aˆ ; aˆ = 1,2,3,4.) It is convenient to decompose Ψ as
(7)Ψ =
(
q
Q
)
,
where q and Q belong to (2,1) and (1,2) of SU(2)L × SU(2)R, respectively.
First notice that with (5) and (6) there arise zero modes for Aaˆy (aˆ = 1, . . . ,4), which correspond to the SU(2)L doublet Higgs
field in the standard model; Φ ∝ (A1ˆy + iA2ˆy,A4ˆy − iA3ˆy)t . They also give rise to Yang–Mills Aharonov–Bohm phases, θH, in the fifith
dimension. Making use of the residual symmetry, one can suppose that the zero mode of A4ˆy develops a nonvanishing expectation
value;
(8)A4ˆy =
2
√
2ke2ky
gA(z2π − 1)
θH,
where zπ = eπkR . Although θH 	= 0 gives vanishing field strengths, it affects physics at the quantum level. The effective potential
for θH becomes nontrivial at the one loop level, whose global minimum determines the quantum vacuum. It is this nonvanishing θH
that induces dynamical electroweak gauge symmetry breaking.
There are residual gauge transformations which maintain the boundary condition (5) [10]. Among them there is a large gauge
transformation given by
(9)Ω large(y) = exp
{
inπ
e2ky − 1
z2π − 1
2
√
2T 4ˆ
}
for 0  y  πR where n is an integer [27]. Under the transformation (9), θH is transformed to θH + 2πn, which implies that all
physical quantities are periodic functions of θH. This large gauge invariance has to be maintained at all stages. It is vital to guarantee
the finiteness of the Higgs boson mass [33,37]. The θH-dependent part of the effective potential for θH diverges without the large
gauge invariance [38].
It is important to recognize that the even–odd property in (5) does not completely fix boundary conditions of the fields. If there are
no additional dynamics on the two branes, fields which are odd under parity at y = 0 or πR obey the Dirichlet boundary condition
(D) so that they vanish there. On the other hand, fields which are even under parity obey the Neumann boundary conditions (N). For
gauge fields the Neumann boundary condition is given by dAμ/dy = 0 or d(e−2kyAy)/dy = 0. As a result of additional dynamics
on the branes, however, a field with even parity, for instance, can obey the Dirichlet boundary condition, provided the large gauge
invariance is maintained. We argue below that this, indeed, happens on the Planck brane.
Let us define new fields A′3RM and AYM by
(10)
(
A
′3R
M
AYM
)
=
(
cφ −sφ
sφ cφ
)(
A
3R
M
BM
)
, cφ ≡ gA√
g2A + g2B
, sφ ≡ gB√
g2A + g2B
.
1 For an explicit representation of the generators T I , see the appendix in the first reference in Ref. [24].
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Boundary conditions for the gauge fields. aL, aR = 1,2,3 and aˆ = 1,2,3,4. The notation (D, N), for example, denotes the Dirichlet boundary condition at y = 0
and the Neumann boundary condition at y = πR
A
aL
μ A
1,2R
μ A
′3R
μ A
Y
μ A
aˆ
μ
(N, N) (D, N) (D, N) (N, N) (D, D)
A
aL
y A
1,2R
y A
′3R
y A
Y
y A
aˆ
y
(D, D) (D, D) (D, D) (D, D) (N, N)
A
aR
μ and Bμ are even under parity, whereas AaRy and By are odd. It is our contention that the even fields A1Rμ , A2Rμ , and A′3Rμ obey
the Dirichlet (D) boundary condition on the Planck brane as a result of additional dynamics there. The boundary conditions for
gauge fields are tabulated in Table 1. It is straightforward to confirm that the boundary conditions in Table 1 preserve the large
gauge invariance, that is, new gauge potentials obtained by (9) obey the same boundary conditions as the original fields. We note
that the Neumann (N) boundary condition on the Planck brane cannot be imposed on A1Ry , A2Ry , and A′3Ry , as it does not preserve
the large gauge invariance. A similar conclusion has been obtained in Ref. [25].2
With the condition in Table 1, the gauge symmetry SO(5) × U(1)B–L in the bulk is reduced to SO(4) × U(1)B–L at the TeV
brane and to SU(2)L ×U(1)Y at the Planck brane. The resultant symmetry of the theory is SU(2)L ×U(1)Y , which is subsequently
broken to U(1)EM by nonvanishing Aaˆy (aˆ = 1,2,3,4) or θH. The weak hypercharge Y is given by Y = T 3R + qB–L/2.
One way to achieve the change of the boundary conditions of A1Rμ , A2Rμ , and A′3Rμ from N to D on the Planck brane is to have
additional fields and dynamics on the Planck brane such that SU(2)R × U(1)B–L is spontaneously broken to U(1)Y at relatively
high energy scale M , say, near the Planck scale MPl. Below the scale M , the mass terms
(11)Lmass = −
{
M21
(
A1Rμ A
1Rμ +A2Rμ A2Rμ
)+M22A′3Rμ A′3Rμ}δ(y),
where M1,M2 = O(M), are induced on the Planck brane. Below the TeV scale, the mass terms (11) strongly suppress the boundary
values of (A1Rμ ,A2Rμ ,A′3Rμ ) on the Planck brane, changing the boundary conditions from N to D at the Planck brane. We note that
when masses are induced by spontaneous symmetry breaking on the Planck brane, well-controled ultra-violet behavior of gauge
bosons is not spoiled so that the finiteness of the 4D Higgs boson mass at the one loop level, for instance, is expected to be
maintained. It has been shown recently that the requirement of the tree level unitarity constrains boundary conditions satisfied by
gauge bosons [4,42,43]. With the underlying mechanism of spontaneous symmetry breaking, the effective boundary conditions in
Table 1 are expected to preserve the tree level unitarity.
Now we expand the bulk fields in 4D KK modes. It is convenient to use the conformal coordinate z ≡ eσ(y) for the fifth dimen-
sion, in which the boundaries are located at z = 1 and zπ = ekπR . As in Ref. [28], we split AM into the classical and quantum parts;
AM = AcM +AqM . We take Acμ = 0 and Acy = (dz/dy)Acz given by (8). Further we move to a new basis by a gauge transformation3
A˜M = ΩAqMΩ−1, B˜M = BqM,
(
q˜
Q˜
)
= z−2Ω
(
q
Q
)
,
(12)Ω(z) = exp
{
igA
zπ∫
z
dz′Acz(z′)
}
.
In the new basis the classical background of the gauge fields vanishes so that the linearized equations of motion reduce to the simple
forms, while the boundary conditions become more involved. The 5D fields are expanded into the 4D modes as
A˜Iμ(x, z) =
∑
n
h˜IA,n(z)A
(n)
μ (x), A˜
I
z (x, z) =
∑
n
h˜Iϕ,n(z)ϕ
(n)(x),
B˜μ(x, z) =
∑
n
h˜BA,n(z)A
(n)
μ (x), B˜z(x, z) =
∑
n
h˜Bϕ,n(z)ϕ
(n)(x),
q˜R(x, z) =
∑
n
f˜
q
R,n(z)ψ
(n)
R (x), Q˜R(x, z) =
∑
n
f˜
Q
R,n(z)ψ
(n)
R (x),
(13)q˜L(x, z) =
∑
n
f˜
q
L,n(z)ψ
(n)
L (x), Q˜L(x, z) =
∑
n
f˜
Q
L,n(z)ψ
(n)
L (x).
From the action (3) and the boundary conditions, the mass spectrum and analytic expressions of the mode functions are obtained in
terms of the Bessel functions in the same manner as in Ref. [28].
2 There arises a type II defect on the Planck brane in the terminology of Ref. [25].
3 Ω(z) is defined here such that Ω(1) = 1 whereas in our previous work [28] Ω(zπ ) = 1.
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(14)(A±LM ,A±RM ,A±ˆM)≡ 1√2
(
A
1L
M ± iA2LM ,A1RM ± iA2RM ,A1ˆM ± iA2ˆM
)
,
the neutral sector
(15)(A3LM ,A3RM ,A3ˆM,BM),
and the “Higgs” sector A4ˆM , which is also neutral. The neutral sector (15) consists of the Z-boson sector and the photon sector.
The mass spectrum (m = kλ) in the charged sector is determined by
(16)F0,1
{
λ2zπF0,0F1,1 − 2
π2
sin2 θH
}
= 0,
where Fα,β = Jα(λzπ )Yβ(λ)−Yα(λzπ )Jβ(λ). We note that the θH-dependence appears in the form sin2 θH in the SO(5)×U(1)B–L
model, whereas it appeared in the form sin2 12θH in the SU(3) model in [28].
The mass of the lightest mode, the W boson W(0)μ (x), is approximately given by
(17)mW 
 mKK
π
√
1
kπR
| sin θH|,
for zπ  1 where mKK ≡ kπ/(zπ − 1) is the KK mass scale. Its mode functions are approximately given by
(18)h˜±LA,0(z) 

1 + cos θH
2
√
πR
, h˜
±R
A,0(z) 

1 − cos θH
2
√
πR
, h˜±ˆA,0(z) 

sin θH√
2πR
(
z2
z2π
− 1
)
.
In the photon sector, there is a massless mode, namely the photon mode Aγ(0)μ (x), whose mode functions are constants.
(19)h˜3LA,0(z) = h˜3RA,0(z) =
sφ√
(1 + s2φ)πR
, h˜3ˆA,0(z) = 0, h˜BA,0(z) =
cφ√
(1 + s2φ)πR
.
Here sφ and cφ are defined in (10). The mass spectrum in the Z-boson sector is determined by
(20)F0,1
{
λ2zπF0,0F1,1 − 2
π2
(
1 + s2φ
)
sin2 θH
}
= 0.
The mass mZ and the mode functions of the Z-boson Z(0)μ (x), which is the second lightest mode in the neutral sector (15), are
approximately given by
(21)mZ 
 mKK
π
√
1 + s2φ
kπR
| sin θH|,
and
h˜
3L
A,1(z) 

c2φ + cos θH(1 + s2φ)
2
√
(1 + s2φ)πR
, h˜
3R
A,1(z) 

c2φ − cos θH(1 + s2φ)
2
√
(1 + s2φ)πR
,
(22)h˜3ˆA,1(z) 
 sin θH
√
1 + s2φ
2πR
(
z2
z2π
− 1
)
, h˜BA,1(z) 
 −
sφcφ√
(1 + s2φ)πR
.
The lightest mode ϕ(0)(x) in the Higgs sector corresponds to the 4D Higgs field, whose mode function is given by
(23)h˜4ˆϕ,0(z) =
√
2
k(z2π − 1)
z.
At the classical level the potential for ϕ(0) is flat. Quantum effects yield nontrivial, finite corrections to the effective potential for
ϕ(0), giving the Higgs boson a finite mass mH =O(mKK√αWkR/(4π)) [27,28].
Some comments are in order regarding the mass spectrum determined by (16) and (20). First, mW and mZ are not proportional
to the VEV of the “Higgs field”, or θH, in contrast to the ordinary Higgs mechanism. This is because the Higgs mechanism, or the
mechanism of mass generation, does not complete within each KK level and the lowest mode in each KK tower necessarily mixes
with heavy KK modes when θH acquires a nonzero value. The similar property is seen in the SU(3) model in [28]. In the SU(3)
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SO(5) × U(1)B–L model, however, the mass spectrum deviates from the linear dependence even in the flat limit. This is due to the
fact that the numerical factor in front of sin2 θH is a half of that in the SU(3) model in [28]. It is one of the distinctive properties of
the SO(5)×U(1)B–L model. Secondly, the mass spectrum of the modes corresponding to F0,1 = 0 in (16) or (20) is independent of
θH. Their mode functions, however, have nontrivial θH-dependence. We note that these modes do not have definite Z2-parities when
θH acquires a nonzero value, although the condition F0,1 = 0 is the same as that for the modes which have the boundary condition
(D, N) at θH = 0. The existence of such modes is one of the characteristics of the SO(5)×U(1)B–L model.
From (17) and (21), the Weinberg angle θW determined from mW and mZ becomes
sin2 θW ≡ 1 − m
2
W
m2Z
(24)
 s
2
φ
1 + s2φ
= g
2
B
g2A + 2g2B
= g
2
Y
g2A + g2Y
.
The approximate equality in the second line is valid to the O(0.1%) accuracy for mKK =O(TeV). In the last equality the relation
gY = gAgB/
√
g2A + g2B has been made use of. We note that sφ 
 tan θW . The Weinberg angle θW may be determined from the
vertices in the neutral current interactions. As we will see in Eqs. (30)–(32) below, θW in this definition coincides with that in (24)
to good accuracy. Thus the rho parameter is approximately one in our model.
The mass spectrum of a fermion multiplet (7) is determined by
(25)λ2zπFc− 12 ,c− 12 Fc+ 12 ,c+ 12 −
4
π2
(
sin2 12θH
cos2 12θH
)
= 0 for η0ηπ =
(+1
−1
)
.
Here c = MΨ /k. The lightest mass eigenvalue mf is approximately given by
(26)mf 
 k
{
c2 − 14
zπ sinh
[(
c + 12
)
kπR
]
sinh
[(
c − 12
)
kπR
]
}1/2( ∣∣sin 12θH∣∣∣∣cos 12θH∣∣
)
.
For c > 12 and (η0, ηπ ) = (1,1), the corresponding mode functions are approximately given by
f˜
q
L,0(z) 
 ipH/2 cos
θH
2
√
2k
(
c − 1
2
)
z−c, f˜ QL,0(z) 
 −
∣∣∣∣sin θH2
∣∣∣∣
√
2k
(
c − 1
2
)
z−c,
(27)f˜ qR,0(z) 
 −i sin θH
√
k
(
c + 12
)
√
2zc+
1
2
π
z1−c, f˜ QR,0(z) 
 −
√
2k
(
c + 12
)
z
c+ 12
π
zc,
where pH/2 ≡ sgn(sin 12θH). As shown in [28], the hierarchical mass spectrum for fermions is obtained from (26) by varying the
dimensionless parameter c in an O(1) range.
The θH-dependence of mf differs from that of mW and mZ . Consequently the ratios mf /mW , mf /mZ depend on θH in the
SO(5)×U(1)B–L model in contrast to those in the ordinary Higgs mechanism.4
Let us turn to the various coupling constants in the 4D effective theory. We first look at the 4D gauge coupling constants of
fermions, which are obtained as overlap integrals of the mode functions. The result is
L(4)gc =
∑
n
W(n)μ
{
g
W(n)
L√
2
ψ¯
(0)
L2 γ
μψ
(0)
L1 +
g
W(n)
R√
2
ψ¯
(0)
R2γ
μψ
(0)
R1 + h.c.
}
+
∑
n
Z(n)μ
2∑
i=1
{
g
Z(n)
Li ψ¯
(0)
Li γ
μψ
(0)
Li + gZ(n)Ri ψ¯(0)Ri γ μψ(0)Ri
}
(28)+
∑
n
Aγ (n)μ
2∑
i=1
g
γ (n)
i
{
ψ¯
(0)
Li γ
μψ
(0)
Li + ψ¯(0)Ri γ μψ(0)Ri
}+ · · · ,
where the index i = 1,2 denotes the upper or lower components of ψ(0)L,R , and the ellipsis denotes terms involving the massive KK
modes. From the approximate expressions of the mode functions (18), (19), (22), and (27) for c > 12 , the 4D gauge couplings are
4 In the SU(3) model in [28], the θH-dependences of mf and mW are the same so that the ratio mf /mW becomes independent of θH even in the warped spacetime.
448 Y. Sakamura, Y. Hosotani / Physics Letters B 645 (2007) 442–450found to be
(29)gW(0)L 

gA√
πR
≡ g,
(30)gZ(0)L 

(−1)i−1gA − gBqB–Lsφcφ
2
√
(1 + s2φ)πR

 g
cos θW
{
(−1)i−1
2
− qEM sin2 θW
}
,
(31)gγ (0)i = eqEM,
where e ≡ gA sin θW/
√
πR = g sin θW is the U(1)EM gauge coupling constant and qEM ≡ {(−1)i−1+qB–L}/2 is the electromagnetic
charge. The relation (24) has been made use of in the second equality in (30). Note that Eqs. (29), (30) and (31) agree with the
counterparts in the standard model, and are consistent with the experimental results.
Rigorously speaking, the couplings gW(0)L and g
Z(0)
L have small dependence on the parameter c, which results in slight violation
of the universality in weak interactions as discussed in Ref. [28]. It was found that there is violation of the μ–e universality of
O(10−8).
However, gW(0)R and g
Z(0)
R evaluated in a similar manner for the same multiplet Ψ substantially deviate from the standard model
values. For instance, one finds gW(0)R = g(1 − cos θW )/2, which is unacceptable. This is because the mode functions of the right-
handed fermions are localized near the TeV brane for c > 12 . Since KK excited states are also localized near the TeV brane, the
mixing with KK excited states becomes strong, causing the deviation.
This implies that left-handed quarks (uL, dL) and right-handed quarks (uR, dR), for instance, cannot be in one single multiplet
Ψ = (q,Q) in (7). Instead one should suppose that (uL, dL) is in qL of Ψ = (q,Q) with c > 12 , whereas (uR, dR) is in Q′R of a
distinct multiplet Ψ ′ = (q ′,Q′) with c < − 12 . Indeed, for c < − 12 , the right-handed fermions are localized on the Planck brane and
the mixing effect mentioned above becomes negligible. The couplings become
(32)gW(0)R 
 0, gZ(0)R 
 −
(−1)i−1gAs2φ + gBqB–Lsφcφ
2
√
(1 + s2φ)πR

 − g
cos θW
qEM sin2 θW ,
which agree with those in the standard model. This assignment solves another serious problem associated with fermions localized
near the TeV brane. Those fermions have too large couplings to the KK gauge bosons, which may contradict with the current
precision measurements [44–46].
Of course there remain additional QR and q ′L which have light modes. These modes must be made substantially heavy, which
can be achieved by having boundary mass terms connecting QR , q ′L and additional boundary fields on the TeV brane. This issue
will be discussed in more detail in the next paper [47].
Next let us consider the trilinear couplings among the 4D gauge bosons. From the self-interactions of the 5D gauge fields, the
following couplings are induced in the 4D effective theory.
(33)L(4)WWZ =
{
ig
(1)
WWZ
(
∂μW
(0)
ν − ∂νW(0)μ
)†
W(0)μZ(0)ν + h.c.}+ ig(2)WWZW(0)†μ W(0)ν (∂μZ(0)ν − ∂νZ(0)μ)+ · · · .
The couplings g(1)WWZ and g
(2)
WWZ are expressed by the overlap integrals of the mode functions as
g
(1)
WWZ = g(2)WWZ
(34)= gA
zπ∫
1
dz
kz
[
h˜
3L
A,0
{(
h˜
+L
A,0
)2 + 1
2
(
h˜+ˆA,0
)2}+ h˜3RA,0
{(
h˜
+R
A,0
)2 + 1
2
(
h˜+ˆA,0
)2}+ h˜3ˆA,0h˜+ˆA,0(h˜+LA,0 + h˜+RA,0)
]
.
Making use of (18) and (22), one finds that
(35)g(1)WWZ = g(2)WWZ 

gA√
(1 + s2φ)πR

 g cos θW .
In the last equality, (24) and (29) have been made use of. These couplings have the same values as those in the standard model.
The result is consistent with the data of e+e− → W+W− at LEP2 which indicates the validity of the WWZ coupling in the
standard model. In deriving (35), we have neglected corrections suppressed by a factor of (kπR)−1 
 1/35 in conformity with
the approximation employed in deriving Eqs. (17)–(24). The WWZ couplings in the model under investigation agree with those
in the standard model within this approximation. Small deviation from the standard model may arise beyond this approximation,
which needs to be evaluated numerically. For the process e+e− → W+W− contributions from KK excited states also need to be
incorporated.
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the Higgs boson ϕ(0) to the W or Z bosons in the 4D effective theory
(36)L(4) = −λWWHϕ(0)W(0)μ†W(0)μ −
1
2
λZZHϕ
(0)Z(0)μZ(0)μ + · · · ,
where
λWWH = gAk
zπ∫
1
dz
z
h˜4ˆϕ,0
{
h˜+ˆA,0∂z
(
h˜
+R
A,0 − h˜+LA,0
)− ∂zh˜+ˆA,0(h˜+RA,0 − h˜+LA,0)},
(37)λZZH = gAk
zπ∫
1
dz
z
h˜4ˆϕ,0
{
h˜3ˆA,0∂z
(
h˜
3R
A,0 − h˜3LA,0
)− ∂zh˜3ˆA,0(h˜3RA,0 − h˜3LA,0)}.
With the aid of (17)–(24), these couplings are evaluated to be
λWWH 
 gA
√
k
πRzπ
sin θH cos θH 
 gmW · pH cos θH,
(38)λZZH 

gA
√
k(1 + s2φ)
πRzπ
sin θH cos θH 
 gmZ
cos θW
· pH cos θH,
where pH ≡ sgn(sin θH). It is seen that these couplings are suppressed, compared with those in the standard model, by a factor
cos θH.
So far we have neglected the SU(2)R-breaking in the fermion sector. Since SU(2)R is broken at the Planck brane, it is natural to
have brane-localized mass terms with SU(2)R breaking, which, in turn, alter mass eigenvalues and mode functions of the fermions.
We would like to emphasize that the predictions for the gauge couplings (29), (30), (31) and (32) remain robust after such an
SU(2)R breaking effect is incorporated. The dependence of the gauge couplings on the fermion mode functions are exponentially
suppressed as long as they are localized near the Planck brane.5 Implications of brane-localized mass terms will be analysed in
the separate paper [47]. The presence of SU(2)L × SU(2)R symmetry in the bulk leads not only to the custodial symmetry in the
4D Higgs interactions but also to right-handed neutrino states. It would be interesting to implement the see–saw mechanism in this
gauge–Higgs unification scenario.
The main result of this Letter is the prediction of the suppression factor cos θH for λWWH and λZZH . The WWZ couplings
remain the standard model values. All of these couplings can be measured at LHC and future linear colliders. They will certainly
give crucial information about the mechanism of the symmetry breaking in the electroweak interactions.
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